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Abstract 
Now-a-days, fabrication of 3-D features employing Abrasive Water Jet (AWJ) milling by partially superimposing two 
consecutive passes is a major research interest. This paper presents an innovative water jet path strategy to fabricate micro-pillars 
with good geometrical accuracy. These micro-pillars can be used as fins (cooling purpose) and tool fabrication for Electro 
Discharge Machining and Electro Chemical Machining (EDM/ECM). The novelty of the paper relies on the proposal of path 
strategy for jet movement that moves along two crossed (90 degree) raster path and keeping the Step Over (SO) more than the 
diameter of nozzle (1.25d). Micro pillars were fabricated by varying the process parameters; pressure and abrasive size, 
respectively on three different work materials, namely, Al6061 (Aluminium alloy), SS304 (Stainless steel) and 
Ti6Al4V(Titanium alloy). Pillars of different aspect ratios were achieved varying height in the range of 265 to 720 micronsand 
taper ratio in the range of 10-150. Geometry and surface roughness of micro-pillars were measured by 3-D optical profilometer 
and processed using scanning probe image software (SPIP).Digital and scanning electron microscopes (SEM) were used to 
observe and analyse the microscopic behaviours of machined surface.   
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1. Introduction 
Increase in power dissipation for high performance electronic devices is a major problem in electronics industry. 
Electroniccomponent requiresquick transferof heat to reduce work temperature and hence, to improve the characteristics and the 
reliability of the appliances (Gromoll, 1992(a); 1993(b)).Process or power consumption and heat dissipation has become the key 
challenges in the design of high performance system. Increase power consumption typically leads to higher costs for thermal 
packing.  
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Fins are widely used to enhance heat transfer in many engineering applications which offers a practical mean for 
achieving a large heat transfer surface area without the use of excessive amount of primary surface area. Fins are 
mainly used in electrical/electronic application such as computer power supply, heat exchanger, air conditioning, 
transformer sub-stations, IC engines cooling (radiator) etc.  
Miniaturization due to severs space and weight limitations like heat sink leads to application of micro fins are 
continuously increasing (Peterson and Ortega, 1990). Fabrication of these miniature components is a major problem 
in manufacturing industries. Machining of hard metals by conventional processes is not only time and energy 
consuming but also becomes more expensive in terms of tool wear and loss of quality in the product owing to 
induced residual stresses during manufacture. Non- conventional machining processes  like ultrasonic machining 
(USM), electro chemical machining (ECM), electric discharge machining (EDM), laser beam machining (LBM), 
electron beam machining (EBM), water jet machining (WJM), abrasive water jet machining (AWJM) etc., are used 
to fabricate micro-dimensional features. Manufacturing technologies including micro electric discharge machining 
and lithography were employed in micro-parts for high accuracy. Currently in commercial applications micro-
machining is mostly performed by lasers, electro-discharge machining (EDM) and chemical etching (Masuzawa et 
al., 1985). However these processes present several major limitations such as surface damage (recast layer) to the 
machined material, poor edge quality, require special material property (Electrical conductivity –for EDM/ECM), 
tool design problem (micro-ECM). In addition to that these processes have low material removal rate and Low 
efficiency becomes main disadvantage of these processes.  
AWJM is one of the most promising non-conventional machining processes, which has capacity to machine any 
material ranging from soft to hard without considering any special material property (Electrical conductivity) and 
having no tool design problem etc. It is a non-conventional machining process in which a mixture of abrasive 
particles with high pressure water is converted to a high velocity jet for cutting. The high speed abrasive water jet 
machining employs the erosion phenomenon for material removal when the abrasive particles along with high 
velocity water hit the target surface (Finnie,1960). Minimal fixture requirements and the absence of heat affected 
zones due to no contact between the cutting tool and work piece are the some of the major advantages of this 
technique. The major parameters of AWJM process are characterized by hydraulic parameters, cutting parameters, 
mixing- and- acceleration parameter and abrasive parameters. Process primarily depends on the following input 
parameters – abrasive flow rate, traverse speed, standoff distance (SOD), water jet pressure, shape and size of 
abrasive particles. This process is well established for through cutting and most of the works reported was based on 
through cutting by AWJM. But of later, researchers have also started experimenting on generating blind features 
using AWJM. 
For generating blind features like pockets and channels, several authors used the multiple passes linear traverse 
cutting as milling strategy. This principle is based on the superposition of several kerfs to obtain a cavity of defined 
geometry. It is reported that the lateral distance between the single kerfis the main parameter in this process 
(Laurinat et al., 1993). Hashish (1994) used the principles of rotary table and masking to perform a practical 
application of controlled depth milling of iso-grid structures. However, they observed substandard process 
performancedue to inefficient mixing of the abrasive grains and the rotating water jets (Ojmertz and Amini,1994). 
The strategy used by them for abrasive water jet milling was based on the concept of multi pass linear traverse 
cutting (Laurinat, 1995). Superposition of several kerfs to obtain a cavity of desired geometry has been developed. 
However, process parameters influence the geometry and efficiency of the process.  Experimental studies on ceramic 
material revealed that material removal rates increases with pressure. MRR is related to process parameters mostly 
on abrasive mass flow rate and flow rate of water (Laurinatet al., 1993). In waterjet milling the pump pressure was 
found to be more prominent parameter and quality of surface generated defined by depth of cut, tolerance and 
roughness of bottom (Momberet al., 1996). Model of milling process shows that, geometry of the cavity depends on 
the traverse speed and standoff distance. Shape of the milled cavity was determined as type of cosine function 
(Ojmertz, 1993). 
Fowler et al.,(2005(a)-(c); 2009)developed controlled depth milling (CDM) process. They studied the effect of 
various parameters like traverse speed, jet impingement angle, milling direction, grit size, etc. on the surface 
roughness, material removal rate and surface characteristics while machining titanium alloy.They observed that the 
machined surface get affected due to level of the grit embedment and hardness/shape of the abrasive particle. They 
found that the level of grit embedment was 40% at high jet impingement angles and approximately 10% at low 
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impingement angles while machining titanium alloy. Geometric modelling of the footprints tested on SiC ceramics 
which is very much relevant in producing freeform surfaces has been also attempted (Axinte et al., 2010). Further, 
metallographic transformations at operating and machining temperatures using the shape memory alloy technique 
during machining Ni-Ti alloys isalso reported (Kong et al., 2011). Pal and Tandon (2011) studied the role of 
machinability in AWJ-CDM for materials like AL 6061 alloy, AL 2024, Brass 353, Titanium AISI 304 (SS) and 
Tool Steel due to their wide spread usage. The effect of depth of milling and the material characteristics on milling 
time was investigated by them. They observed that the machinability index of the materials plays an important role 
in AWJ process . 
The literature study reveals that the geometrical features, like channels (single slot) and pockets (closed loop 
path) can be fabricated using AWJ milling. Most of the studies reported on AWJ milling, which was performed by 
over lapping of the two consecutive parallel (longitudinal) passes of jet along with the raster path. Over lapping was 
done by keeping the distance between the two consecutive passes, i.e., step-over (SO) less than the diameter (d) of 
the nozzle (d/2, d/3, d/4 etc.) However,almost no attempts have been made to fabricate more complex features; 
micro-features by AWJM process. In present study, a novel path strategy is introduced to fabricate the micro-pillars 
of different aspect ratios using the concept of multi-pass linear traverse cutting leading to the milling strategy which 
is not based on the superposition of several kerfs. Here, the distance between the two parallel passes is kept more 
than the nozzle diameter (1.25 d), a nozzle is moved along two crossed (90 degree) raster passes to each other and 
their detail explanation is presented. 
The basic objective of the present work is to explore the AWJM process capability to fabricate complex features 
like micro-pillars which can be used as a fins (cooling purpose) and tool fabrication for EDM/ECM. The pillars of 
varying aspect ratio were fabricated on different materials namely, Titanium alloy (Ti-6Al-4V), Stainless steel (S.S) 
and Aluminium (Al-6061) with operating parameters, such as pressure, stand-off distance and abrasive size. 
Dimensions of the pillars were measured by a 3-D Optical profilometer embedded with the Scanning Probe Image 
Processing (SPIP) software. Optical profilometer, having a large scanning range, generates high resolution 3-D and 
2-D images of the pillars. Objective lens (5X) and FOV (2X) were used in the optical profilometer. Finally 
microscopic study of machined micro-pillars has been performed with the help of digital microscope (230x) and 
detailed microscopic behaviour were studied through Scanning Electron Microscope (SEM). Kerf formation and 
characteristics of the tapered micro-pillars manufactured is explained along with the digital and SEM images. 
2. Concept of novel path strategy  
In the present study, a novel path strategy is introduced to fabricate micro-pillars by AWJM process. Machining 
was carried by keeping the step-over (SO) more the diameter of jet (1.25d) such that there was no superimposition 
of the parallel passes of the jet. By this manner some material in the form strip was retained between two 
consecutive passes during machining in first and second raster path (Fig. 1). Both the raster paths cross each other at 
perpendicular. In (Fig. 1), dot indicates the initial position of the nozzle; arrow indicates their direction along which 
the nozzle moves raster paths on the same area. 
 
 
Fig. 1 Path strategy to fabricate pillars 
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Fig. 2 Process to fabricate pillars in present path strategy 
From Fig. 2, it can be clearly seen that the two crossed raster paths fabricate the micro pillars on the same 
area. The cross motions of nozzle along the raster paths leave some material and final feature develops in the 
form of pillars on the surface. Height of the pillars formed is basically the depth of the slots/channels machined 
by the nozzle movement. This can be under-stand by the fact that the material/strip which is not machined by 
the two parallel passes of the nozzle becomes the height of pillar. 
3. Experimentation 
Experiments were carried out to fabricate micro-pillars by using Abrasive Water Jet Machining on different 
material namely, Ti-6Al-4V alloy, Aluminium and Stainless steel sheets having thickness of 1 mm. Exploratory 
experiments were carried out to find out the suitable range of parameters to fabricate pillars of various aspect ratios 
on all three materials of micro level height. The experiments were conducted with a commercial abrasive water jet 
machine (OMAX Corp.) with integrated software of the controller. Single passes of the jet were used at very high 
traverse speed of 4500 mm/min obtained through software available with the machine  for micro-fabrication. In this 
work, a novel path strategy was investigated (as discussed in section 2) to fabricate micro-pillars. 
The paths used in the present methodology were crossed raster paths which are 90 degree to each other. Machine 
consists of a machine bed with underneath catcher tank and the specimen is mounted on the bed. Fig.3(a) shows the 
Schematic of nozzle assembly. Two process parameters, namely pressure were varied at three levels and another 
parameter of abrasive size at two levels. The SOD was taken at 3 mm, which was found through previous literatures. 
The nozzle pressure ranges namely, low, medium and high (103-172-241 MPa) and abrasive particle employed was 
garnet of two sizes (120# and 80#). Materials with the process parameters and their level are given in Table 1. Based 
on the process parameters considered and using a full factorial design, a total number of 18 experiments were 
conducted. In the given setup, the optimum values of parameter like abrasive flow rate was considered based on 
standard operating conditions of AWJ machine available. The other parameters like stand-off distance and traverse 
speed were kept constant during all experiments with a basic purpose to find the path strategy to fabricate pillars. 
The nozzle assembly consists of an orifice with a diameter of 0.3 mm; which converts the highly pressurized 
water into a collimated jet, mixing chamber, abrasive feeding tube and a focusing nozzle of internal diameter of 
0.762 mm as shown in Fig. 3(a). All the trials were conducted at 90o impingement angle (perpendicular to the work 
surface) and at a very high traverse speed of (4500 mm/min) without changing the tungsten carbide mixing tube and 
sapphire orifice during the experimentation. Table 2 shows the specifications of the machine. The basic objective 
was to explore the advances in technology and process improvement in AWJM process in the field of 3-D 
fabrication. The present work has proved that machining capability of AWJM process to fabricate complex shapes 
component like micro-pillars which can be used as a fins (cooling purpose) and tool fabrication for EDM/ECM. 
Effect of process parameters to control the shape and dimensional accuracy (taper angle, height) of the pillars were 
investigated. Scanning electron microscope was used for analysing surface morphology and 3-D optical profiler was 
used for measurement (surface roughness, dimensions).The machining time taken to fabricate arrays of 100 micro- 
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pillars was 1min (approx.), present methodology proves that it can be used under the rapid fabrication methods. 
 
Table 1 Materials and experimental range of process parameters 
Material Pressure (MPa) Abrasive size (Mesh) SOD (mm) 
Ti-6Al-4V 103-172-241 80#  & 120# 3 
Aluminium-6061 103-172-241 80# &  120# 3 
Stainless steel-304 103-172-241 80# & 120# 3 
Table 2 Machine specification 
Jet impingement angle 900 
Orifice diameter 0.33 mm 
Abrasive flow rate 0.226 kg/min 
Mixing tube diameter 0.762 mm 
Mixing tube length 101.6 mm 
Maximum working pressure 310 MPa 
4. Measurement and observation  
Shape and geometry (dimensions) of the pillars were measured through a 3-D optical imaging of surface by 
Profilometer embedded with the Scanning probe image processing (SPIP) software. Optical profilometer, having a 
large scanning range, generates high resolution 2-D profile and 3-D images of the pillars. Objective lens (5X) and 
FOV (2X) were used in the optical profilometer. Fig. 4 shows the scanned optical image of the pillars (array) 
fabricated by using the novel path strategy in AWJM process (described in section 2). Height and taper angle of the 
pillars were measured on all the machined samples. Digital microscope of 230x was used to check the shape of the 
machined surface and details were studied by scanning electron microscope (SEM), Model-FESEM SUPRA 40 VP 
CAL ZEISS. 
 
4.1 Digital microscope 
 
Image of the arrays of the pillars were capture by the 230x digital microscope (Fig. 3(b)). Samples were kept at 
some inclination from the focus of the best of the microscope lens so that to capture clear image of the pillars. The 
pillars characteristics refer to geometrical features as height, top width, distance between the two consecutive pillars 
and taper angle. It can be seen that, cross sectional area of the pillars from the top is increases along the depth of the 
pillars i.e. top width is less than bottom width of the pillars.  
 
(a) (b) 
 
Fig. 3 (a) Schematic of abrasive water jet nozzle (b) Array of pillars 
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4.2 Optical profilometer (3-D) 
 
3-D image of the pillars were scanned through a 3-D optical Profilometer embedded with the Scanning probe 
image processing (SPIP) software. Images were captured in contact and non- contact mode available with the optical 
profilometer. 3-D images (Fig. 4) and 2-D profile (Fig. 5(a)) of the pillars is shown; profile of the pillars provides 
geometry of the pillars (taper angle, height) and surface roughness were analysed with the help of SPIP software as 
shown in Fig. 5(b). Objective lens (5X) and FOV (2X) were used in the optical profilometer. Magnified view of the 
micro-pillar can be seen from Fig. 5(c) and taper shape can be easily visualised. 
 
 
 
Fig. 4  Image (3D) of pillar scanned through (3D) optical profilometer 
 
  
(a) (b) 
 
(c) 
Fig. 5(a) Profile of the pillars obtained through (3-D) optical profilometer (b) Procedure to obtained dimensions and surface roughness of 
samples(c) Taper angle calculation for taper-ness of the pillar 
 
Taper angle (Fig. 5(c)) of the pillars were calculated by the expression (1) used and method was same as in case 
of taper angle of the slot or kerf taper angle in through cutting process.Taper angle were calculated by the same 
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formula used to measure kerf taper angle in through cutting process for AWJM. Taper angle is expressed as: 
 
tan   
2
Wt Wb
t
T                                                                                                                                                          (1) 
where θis taper angle, Wtis top width of kerf, Wbis bottom width of kerf and t is height of the pillar (taken as 90% of 
the full height in each case in present work). Experimental results and measurement data are presented in Table 3. 
Based on the following measurement, height of the pillars and their taper ratio were calculated and tabulated (Table 
3). The average value of surface roughness was found in the range of 6-10 microns on all the machined micro-
pillars. 
 
Table 3 Observation table based on measurement 
Work material Pressure (MPa) 
Abrasive size 
(Mesh) Pillar height(microns) 
Taper ratio 
(Degree) 
AL-6061 
103 80# 600 10 
172 80# 655 11 
241 80# 720 12 
103 120# 580 11 
172 120# 640 12 
241 120# 705 13 
SS-301 
103 80# 350 11 
172 80# 380 12 
241 80# 430 13 
103 120# 335 12 
172 120# 370 13 
241 120# 410 14 
Ti-6Al-4V 
103 80# 280 11 
172 80# 310 13 
241 80# 340 14 
103 120# 265 12 
172 120# 300 14 
241 120# 325 15 
5. Results and Discussions  
In this section, effect of process parameters and surface morphology on machined surface is discussed based on 
the responses observed by experimentation and characterization of the samples. Height of the pillars and taper angle 
of the pillars are plotted against three level of pressure with two abrasive sizes (80# and 120#). Further microscopic 
behavior is discussed with the help of Digital microscope and SEM images. 
 
5.1 Effect of parameters on pillars height 
 
In the present study traverse speed of the nozzle and abrasive flow rate have been kept constant. The stand-off-
distance was taken as 3 mm (suggested by previous study). The basic purpose was to fabricate micro-pillars and 
observe the effect of process parameters on the geometry and process control to fabricate pillars by AWJM. 
Effect of nozzle pressure on height of the micro-pillars can be seen from Figs. 6(a) and (b). It can be seen that 
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height of the pillar achieved is higher at maximum pressure of 241 MPa for both abrasive grit sizes. As the pressure 
increases, the height of the pillar increases due to higher kinetic energy of the jet. Increment on height of pillars for 
lower pressure (103 MPa) with larger grit size (80#) is about 3 to 4% of the smaller grit size (120#).It can be 
alsoseen that for the same set of parameters, the height of the pillar is maximum when machining Al-6061 work 
material and height of the micro-pillar achieved is minimum while machining Ti-6Al-4V work material. The same 
trend was observed for the abrasive grit size of 120#as shown in Fig. 6(b). 
Since lateral passing of jet in present work is more than diameter of the jet (1.25d), the depth of the slot machined 
by the passes is basically become the height of the pillars. The significant changes in the height of the pillars with 
different pressure support the mechanism of material removal in AWJM process. 
 
 
Fig. 6 (a) Height of pillars at abrasive at 80# (b) Height of pillars at abrasive at 120# 
 
5.2 Effect of parameters on Taper-angle of the pillars 
Taper was formed because of the kef formation in AWJM process. Material removed from the first and 
consecutive lateral passes creates a strip in between the two passes. Strip formed reduces to pillars when 
perpendicular passes are made (discussed in section. 2). Since AWJM process forms a kerf during machining 
because of divergent jet, this creates a taper on the pillars. Fig.7 shows the effect of pressure on taper-ratio of the 
pillars at two different abrasive grit sizes. It can be seen that taper ratio for both abrasive grit sizes is more at 
maximum pressure, however, for taper ratio as shown in Fig. 7(b) is higher in lower grit size of 120#. This can be 
explained by the fact that at high pressure the jet contains more energy to remove material and hence height of the 
pillar was more. Thus from the expression used in (1), Taper angle was found less at high pressure.It can also be 
seen that taper angle was more in Ti-6Al-4V among all three materials used in present work, because of mechanical 
property of Ti-6Al-4V, malleability of this alloy, does not support the process of material removal in AWJM. 
 
 
Fig. 7 (a) Taper angle of pillars at abrasive at 80# (b) Taper angle of pillars at abrasive at 120# 
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5.3 Microscopic analysis of pillars by SEM (Scanning electron microscope) 
 
Scanning electron microscopy (SEM) at different magnifications was employed to characterise the machined 
surface. Fig. 8 shows the SEM images of the pillars on different materials (Al-6061, SS-301 and Ti-6Al-4V) by 
keeping the pillars in vertical position on SEM. It can be clearly seen from the images that in between pillars there 
isa curveslot which shows that the pass of the nozzle and shape observed is parabolic in nature (Fig.4). It can be 
seen from the images that, the slope follows bedding from the top to the base in the case of titanium (Fig. 8(c)) and 
stainless steel (Fig. 8(c)). However, in case of aluminium, dip slope (Fig. 8(a)) indicate that there is sufficient energy 
throughout the process available helpingin removing the material continuously and can be as more more normal than 
titanium and stainless steel  
 
 
 
Fig. 8 SEM images of the pillars on (a) AL-6061 (b) SS-301 (c) Ti-6Al-4V (d) embedded abrasive particle 
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Energy Dispersive X-ray (EDX) confirms that abrasive particle get embedded on the machined surface as shown 
in Fig. 8(d). Embedded grit was observed on machined surfaces under all experiments conducted in present work. 
However, the grit embedded on base surface of the micro-pillar was more in comparison to the side wall of the 
micro-pillar indicating that micro-pillar base is the most affected area during machining. The same phenomenawere 
observed in case of both the abrasive grit sizes. However, sharp edge was found when using low abrasive grit size of  
120#.  
 
6. Conclusions 
 
Present work has proved the machining capability of AWJM process to fabricate micro-pillars which can be used 
to manufacture cooling fins and micro-toolsfor ECM/EDM processes. In this work, a new methodology has been 
introduced which may help researchers to fabricate more complex shapes by AWJM and fulfil the industrial 
needs.Pillars were fabricated on three materials namely, Al6061, SS301 and Ti6Al4V alloys, which are known for 
many industrial applications. For all the work materials, slope (taper) was observed in micro-pillars due to kerf 
generation.It has been observed that with increase in the nozzle pressure height of the pillar increases due to high 
kinetic energy of the jet. A substantial increase in pillar height was observed up-to nozzle pressure of 241 MPa 
irrespective of the size of the abrasive particles considered in this study. SEM images revealed a formation of curve 
slot between the consecutive rows and columns in the arrays of pillars.This might have occurred due to cross 
(perpendicular) motion of two raster paths used during fabrication.A more depthwas observed in case of Al6061, 
which indicate that a sufficient energy is available throughout the process to remove the material easilyin 
comparison to when fabricated micro-pillars from SS301 and Ti6Al4V work materials.Grit embedded was also 
observed at the base of the pillar which could be attributed to restrictionof the jet (mixture of water and abrasive) at 
the side wall. The phenomena were same in both the abrasive grit sizes. 
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